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• TITLE 
AN INVESTIGATION OF THE EFFECT OF VARYING THE EI,ECTRIC FIBI,D 
AT CONSTANT TEMPERATURE ON THE DIFFUSION OF IRON INTO GERIIANIUII 
ABSTRACT 
Intrinsic germanium specimens, two per run, with Fe59 applied to 
their contacting surfaces were diffused for 40 ~inutes at aoo0 c. Direct 
current (up to 10 amps.} was passed through the two specimens at soo0c 
. 
to give low intensity electric fields. The concentration gradient was 
determined for each specimen. No significant difference was found be-
tween specimens diffused without current and specimens diffused with 
10 amperes of current. 
The diffusion of iron into germanium, near the ·surface, proceeds by a 
substitutional mechanism. At some distance from the surface the dif-
fusion mechanism is predominantly interstitial. The solubility of Fe in 
Ge at 800°c was found to be 2 x 1014 atoms Fe/cm3 for the interstitial 
part and 1 x 1018 atoms Fe/cm3 for the substitutional part. The dif-
fusion coefficient for Fe in Ge at soo0 c was found to be 5.4 x 10-7 
t' 
cm2 /sec. for the interstitial mechanism and 3 x 10-lO cm2/sec. for the 
substitutional mechanism. 
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I • INTRODUCTION 
A. Introductory Discussion and Statement of Problem 
Information on the state of atoms in the crystal lattice can be 
obtained from the study of the transfer of matter when acted on by an 
electric field. The ioovement of a diffusing species in a concentration 
gradient when acted on by an electric field is the result of two simul-
taneous processes: diffusion due to the concentration gradient, and 
· electrodiffusion, i.e. ,'the movement of ions due to the action of an 
electric field. 
In all other studies of semiconductors involving the migration of 
ions in an electric field, the experiments were designed such that the 
current used to create the field also was the source of heat. In this 
manner only one value of E, the electric field in volts per.centimeter, 
could be obtained for any given temperature. The mobility of the dif-
fusing ion was usually detennined experimentally. Assuming that the 
diffusivity, D, is known, the ionic charge, q, can be determined from 
the Einstein relation: 
D -
µ. k T 
q 
where, ~ ; 
··--- - ·-- -_,J 
µ=ion mobility (cm2/volt-sec) 
\)1 . • charge q - l.OnlC -
(''' 
l)) k 
-
Boltzmann's constant 
T - absolute temperature -
D - diffusivity. 
... 
3. 
' 
-
l 
1 2 In this manner, for example, ~hidkov and Lashkarev and Boltaks 
__________ d_..etermined-that copper __ migrates-as--positive ions in-german-ium-abovce--------
. .. ,·• 
o 
0 700 C and that it may migrate as negative ions below 600 C. Kosenko, 
3 Miselyuk, and Khomenko determined that silver migrates as a singly 
0 0 charged positive ion in germanium between 760 C and 870 C. Fuller and 
Severiens4 found that lithium migrates as singly charged positive ions 
--- 0 0 in germanium between 150 C and 600 C. They also detennined tb1\t copper 
_migrates as a positive ion in germanium between 800-900°c. 
Since no published reports were available in which the experimental 
design was such that the electric field could be varied at a constant 
temperature, this investigation was undertaken. This investigation 
involved: 
1. Selecting an appropriate binary system and analytical method, 
2. Designing a suitable experimental setup, 
3. Experimentally determining the magnitudes of the electric fields possible with the setup, 
4. Determining the effect of the electric fields which were possible to obtain . 
The binary system chosen was iron-germanium. This system is discussed 
in Part 1-B. The radioactive tracer technique was selected as the 
analytical method. Radioactive isotopes of iron would be diffused into 
high purity, single crystal germanium. 
The experimental setup design involved: 
1. Designing a fixture to hold the germanium specimen& ta, 
a. Allow passage of current at high temperatures. 
b. Provide close contact to prevent evaporation of the radioactive tracer. 
- --- -~--------------- -- --. . 
. 
. .. :u - . 
----~~-~-·. 
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:~ 
. ' 
... 
4 • 
c. Be of suitable shape for holding specimens of f 
convenient size for subsequent handling, i.e., 
... grinding, weighing 1 lapping, etc. 
The final design of the experimental setup is discussed in Section II. 
At the outset of this investigation it was realized that the elec-
,, tric fields obtainable would be extremely low. This is due to the 
requirement of maintaining a constant temperature and due to the low 
resistivity of germanium at normal diffusion temperatures. 
To determine the effect and, if indeed, whether there is an effect 
for these low fields, a symmetrical design of the experimental setup 
was chosen which allowed two specimens of germanium from the same zone-
leveled crystal, identically treated, to be diffused for exactly the 
same time and temperature. 
' . 
.. If there would be an effect, it was anticipated that the migration 
of iron ions would be enhanced in one direction due to the electric 
field and/or the electron flow. With the symmetrical design, the migra-
tion of iron ions would be enhanced in one specimen and retarded in the 
other. The effect of the field could then be found by carefully deter-
mining the concentration gradient in each specimen. Significant dif-
1 ' 
fer enc es in the t'WO concentration gradients would thus indicate the 
effect of the electric field. 
B. Background on the Fe-Ge System 
Iron, as do the other transition elements, adversely affects the 
electrical properties of semiconductors. Dissolved iron acts as a 
recombination center for holes and electrons thereby decreasing the 
-carrier lifetime. Iron is a fast diffuser in germanium. However, due 
- .:;__ -·· - --- .: -- = - ti - -
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5. 
-5 5 
to the very low segregation coefficient (3 x 10 ) and solubility g· 
" . 
13 15 3 6 , 7 , 8 1 (2 X 10 to 2.5 X 10 atoms/cmr .--- Of iron in germanium, this -------------------------~~---------~ 
system has received comparatively little experimental attention. Tyler -6 and Woodbury have shown that iron can exist in two states o1 ionization in germanium. They found energy leve-ls for iron of O. 27 ±. 02 ev from 
the conduction band and 0.34 ±.02 ev· from the valence band. They 
assumed an electronic activity of acceptor for the impurity states introduced. 10 Miller, in a Hall mobility study, determined that iron diffuses in germanium as Fe+++ at 825°c. 
7,8 
The diffusion of iron in germanium has been studied by Wei 5 9 Bugai, et al. and Kosenko. Their results are discussed in a sub-
sequent section. Bugai, et al. 5 investigated a range of temperatures 
and were able to show the temperature dependence of the diffusion coef-
-24,900 
• 
ficiel}t as: D = O. 13 exp Wei7 , 8 considers the diffusion of RT Fe in Ge to be a double stream process. One stream consists of free 
~ species (interstitials) and another of trapped species (substitutionals 
and those associated with lattice defects and impurities). The inter-
stitials form a fast diffusing stream and the trapped species form a 
slow diffusing stream. It is theorized that species could switch f:mm between the slow and fast streams occasionally. 
Such a diffusion mechanism \\Ould not follow Fick's law. The pene-tration curves (log concentration vs. penetration distance) follow (at 
some distance from the surface) a straight line since, N(x,t) = A(t)e-X/L 
where, N(x,t) = concentration at time, t, and distance, x. 
A(t) = surface concentration 
X = penetration distance 
L = diffusion length. 
,. 
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The penet~tion curves were found to be structure sensitive. The 
:_. -•.• I 
- ,-----· - -·--- ----------:"""1 - -- ~ ----------i'HD"'~it'lt"11i-al part--fell sharply and then stra-ightened in the deeper portion. 
The initial part is believed to represent substitutional diffusion which 
is related to vacancies entering from the surface. Away from the surface 
vi~ the relatively l~w dislocation crystal, few vacancies are available. 
·\ 
The diffusion then becomes predominantly interstitial. 
8 Wei defines the apparent dif fusi vi ty, Da, at X = L as the "nominal 
2 
" L Fick diffusivity, Dan• Dan= - for the diffusion of iron in germanium 2t 
where L is the diffusion length and t the diffusion time. The theory of 
9 a double stream process was substantiated by Kosenko. ·He reported 
diffusion coefficients and solubilities for both the slow ·(vacancy) and 
fast (interstitial) mechanisms. 
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II. RXPBRIMENTAL PROCEDURE AND RESULTS 
,, 
_______ A. · _Experimental Procedure ~ --·-
The diffusion coefficient of iron in g~rmanium was determined by 
th~ radioactive tracer technique for the case of diffusion from an 
infinitesimally thin layer into an infinite body. The -equipment and 
apparatus used in this experiment are listed in Appendix #1. 
Gennanium bars as described in Appendix #2 were prepared for 
diffusion by the technique given in Appendix #3. 
Two germanium specimens were used for each run. A total of five 
runs were made under the conditions given in Table I. 
' 
TABLE I 
Summary of Experimental Runs 
Effective 
Run Tracer T°C Time (sec) I (amps.) zt t: , ........ · 
1* Fe55 800 1190 0 
59 
2* Fe 800 6000 :o· 
3 Fe 59 800 2315 2:_:~_o. 
4 Fe59 800 2312 0: 
5 Fe59 800 2330 10:·.0 
• Used only to estimate the diffusion coefficient 
for the substitutional mechanism . 
. , 
The germanium specimens ·used in Run Nos. 3, ~ and 5 had 
approximately 0.1 microcuries of Fe59 isotope applied to one polished 
surface. This an>unt of isotope was observed to be sufficient to allow ',. ") 
d t i ti f th 1 bi lit f iron in germanium at 8oooc. e erm na on o e so u y o The 
:~ 
I I,. 
,,, 
1,', 
,I. 
. ....:.,;; 
,, 
! , I 
=··., 
i :'~ 
I ,: 
' !! 
.:1, 
') 
I 
----·.·....-.--.---.-·--· •.• · ___________ ...... _____ ~_. -_--_._-~_=-'114-sitzt-i:-~~~.:, 
f . 
8. J 
f 
solubility of iron in germanium is discussed in Appendix #4. Insuffi-
cient amounts of isotope were applied to the specimens used in Run - - - -- --4---- --- - -
., ,1 
------';'-- ... 
... 
I I \I 
) 
~ Nos. 1 and 2 to allow a solubility determination. The results of Run 
Nos. 1 and 2 were used only to estimate the diffusion coafficient for 
the substitutional mechanism. 
"} 
Figures 1 and 2 show, respectively, the diffusion furnace and 
radiation counting equipment. Figure 3 is a schematic of the radiation 
counting equipment . 
For diffusion, the two germanium specimens were placed in a fixture 
(See Figure 4) with the iron isotope coated surfaces in contact. The 
fixture, constructed of boron nitride and type 304 stainless steel, was 
designed to hold the two specimens in close contact during the diffBaion 
. cycle. The close contact prevents evaporation of the radioactive tracer 
and also allows current to be passed through the specimens at the 
0 diffusion temperature of 800 C. See Figure 5 for a schematic of the 
.. 
experimental setup. 
Copper lead wires (0. 035" diameter) were used to connect the ~ 
stainless steel electrodes to the direct current power supply. A 
platinum-platinum+ 10% rhodium thennocouple (see Appendix #5) was 
. 
2 fl 
placed in close contact with one germanium bar approximately O. 5 
from the contacting polished surfaces. The thermocouple bead had to 
be separated from the germanium by a 0.001" thick platelet of mica to 
prevent fusion of the platinum and germanium at the diffusion 
temperature. During the diffusion cycle the temperature was continuously '-. 
recorded except when more accurate measurements were being made with 
,II 
··----~.-· -· .. ··~·. "L' 
.,/ - -
L_l:::==I..~ ~e.. ~ - -
11 I 
·t ~-,-~ -
I' 
' 
" 
'i'. . 
r. 
9.' 
..... 
... 
: 
the potentiometer. The reference junction used was a OOc, distilled 
_____ water-ice bath. The .. t.emperature-time data were used to determine a 
~------
mean effective time of diffusion at aoo0 c. The determination of the 
mean effective time is discussed in Appendix #6. 
Following the loading of the fixture and connection of lead wires, 
the assembly was placed, very quickly, into the pre-argon flushed 
quartz tube of the furnace. Due to the slight possibility of evapora-
tion of radioactive material, the argon gas flow of 235 cm3 /min. was 
directed to a chemical hood and exhausted at roof level. 
For diffusion runs requiring an electric field, the specimens were 
heated to aoo0 c before the current was turned on. The current was turned 
off, after diffusion for the desired time, just prior to removing the 
specimens from the furnace. After withdrawing the specimens from the 
hot zone, they were cooled rapidly.1 by placing the fixture between two 
aluminum cooling blocks and blowing a stream of nitrogen over the 
exposed specimen surfaces. The two specimens, identified as being from 
the positive or grounded electrodes, were then analyzed separately. 
To minimize the effects of side and surface diffusion, approximately 
" 
.1. " .l " 0,005 was removed from each 1~ x I surface by hand grinding on dry 
.. ' 
600 grit abrasive paper. Then, by use of a precision lapping device 
as ·described in Appendix #7, the specific activity (counts per minute 
per milligram) versus penetration distance was determined for each 
specimen. The radiation was detected by the gas flow proportional 
counting method. Gas flow proportional counting is discussed in 
Appendix #8 • 
• 
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F'gur 1. Diffusion Furnace. 
(Thi s furnace is descr·bed 
in ppendix #1.) 
I 
. . 
.. 
igure 2. Radiation Counting Equipment 0 
(For a sch matic of the equipment 
see Figure 3. ) 
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B. Experimental Data 
\ . A summary of the radiation counting for all diffusion runs is -~ 
given in Table II. The relative probable error of counting in each 
determination of Specific Activity (cpm/mg.) is also listed. The 
error of counting is discussed in Appendix #9. 
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l,· 
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Run 
No. 
1-2 
:'i-
2-1 
3-1 
3-2 
i 
o· 
Trial 
No. 
1 
2 
3 
1 
2 
3 
1 
2 
3 
4 
5 
.,.........,_ 
\ 6 
7 
8 
9 
10 
11 
1-
\ 2 
3 
4 
5 
6 
7 
8 
.. _ 
,• 
I 
6 Wt. 
(mg.) 
1.4 
5.4 
4.5 
1.5 
3.9 
3.8 
1.1 
3.6 
4.7 
17.0 
10 .1 
14.4 
21. 5 
16.2 
14.1 
12.7 
12.8 
4.8 
4.5 
5.2 
9.8 
14.6 
15.4 
14.6 
12.4 
I. 
' 
! • 
I Total 
' Section Penetration 
T~ickness Depth, X 
(tjlic ron s) (microns) 
: 7 .1 7.1 
:27.4 
' 
34.5 
122 9 
' . 57.4 
: 7 .6 7.6 
:19. 7 27 .3 
:19. 2 46.5 
' 1 5.6 5.6 
ll8. 2 23.8 
. i23.9 47.7 
B6.3 134.0 
: 
pl. 2 185.2 
73.1 258.3 
109.0 367.3 
82.2 449.5 
11. 5 521.0 
64.5 585.5 
65.0 650.5 
24.2 24. 2 
22.8 47.0 
26. 2 73.2 
49.5 122.7 
73.7 196.4 
77.8 274.2 
73.7 347.9 
62.6. 410. 5 
I 
I 
.. 
~ 
I \ 
! j 
11 j) TABLE II -..... : J 
" lF 
.. 
EXPERIMENTAL MTA .. I It 
\I ;:!) 
n 
.,fl Relative 
:1 f Total Counting . Specific Probable . .,:, 
Number of Time Background Activity Error 
Counts, N (minutes) Counts, NB (cpm. /mg.) (j) I . '.,, 
. 
.. 45,040 45 135 712 0.32 
1149 60 180 -3~ 0 2.·5 
212 60 180 0.12 41. 5 
10,930 7 84, 1060 0.65 
2810 10 120 79 1.35 
192· . " 1169 . 60 1.06 2.53 
-· 
37,248 5 77 6770 0.35 
2694 10 154 70.5 1.41 ... 
1532 60 924 2.15 5.46 a, • 2102 60 924 1.15 3.13 
1487 60 924 0.93 5.85 
1580 60 924 0.83 5.11 t 
1608 60 804 0.62 4.10 
1410 60 804 . 0.62 5.20 
1346 60 816 0.62 5.88 
1183 60 816 0.48 8.17 
1176 60 816 0.47 8.31 
25,610 5 63 1065 0.42 
7061 10 125 154 0.82 
1272 60 750 1.67 5.76 
1545 60 750 1.36 4.04 
1651 60 750 1.03 3.64 
1603 60 750 0.93 3.81 
1465 60 ..... 750 0.82 4.40 
1297 60 750 0.73 5.54 f 
I 
l' 
-' = -
j 
I 
I 
I 
:1 
' ,,. 
·1 
.I • I 
I 
l I l 
j 
TABLE II (cont.) I 
EXPERIMENTAL MTA 
I Total 
Relative 
I 
Section Penetration Total Counting Specific Probable 
' 
""' 
Run Trial ~ Wt. Thickness Depth, X Number of Time Background Activity Error 
No. No. (mg.) (rpicrons) (microns) Counts, N (minutes) Counts, Ns (cpm. /mg.) (%) 
' ; .. 
,' 
3-2 9 24.1 121.8 532.3 1391 60 750 0.44 4.82 
10 19.2 ' 97.0 629.3 1157 60 750 0.35 7.19 
. I 11 23.1 '116.7 746.0 1129 60 750 0.21 7.65 
I \•. I 
. I 
1, 
-
4-1 1 2.5 12.9 12.9 43,434 3 45 14,400 0.32 
•• I 
2 2.7 13. 9 26.8 54,953 5 75 4060 0.29 3 1.6 8.2 35.0 2805 60 880 20 ) 2.12 4 7.1 36.6 71.6 1374 60 880 1.16 6.45' 5 12.5 64.5 136.1 1591 60 880 0.94 4.67 6 13.8 . 71.1 207.2 1521 60 880 0.78 5.12 
.... 
7 12.0 6,1. 9 269.1 1418 60 880 0.74 '5. 95 -.a 
• 
' 8 13 .1 · 67 .6 ' 336.7 12·29 60 840 0.50 7.84 
·• 
" !i ... 
9 15.4 :, 79.3 416.0 1288 60 840 0.49 6.90 
,, 
10 15.4 '79.3 495.3 1145 60 840 0.33 9.81 .. f 
" 
,, 
' 
I 
.. 
;,-; 
11 . 14. 6 75.3 570.6 1169 60 840 0.38 9.13 I 
~/ 
I 
·4-'.2 1 2.2 11.2 11.2 20,125 ;~ 15 9130 0.47 I 2 2.2 11.2 22.4 3393 1 15 1540 1.16 I 
3 :11. 2 
1 15 565 1.94 
2.2 
(~: 33.6 1246 
!i 
4 2.1 ;10. 8 44.4 1068 60 888 1.35 16. 50 
' 5 10. 0 151.0 95.4 1455 60 888 0.95 5.71 6 11.8 :60. 2 155.6 1471 60 888 0.82 5.58 -~, 7 15.2 r/7.6 233.2 1577 60 888 0.76 4.83 
I 
8 12.7 
~4.8 298.0 1470 60 888 0.76 5.60 I ' 
9 15.5 79.0 377.0 1400 60 888 0.55 6. 25 ' 
10 13.9 71.0 448.0 1289 60 888 0.48 7.80 11 9.8 pO.O 498.0 2192 120 1595 0.50 6.90 12 11.1 ~6.7 554. 7 1871 120 1390 0.33 7.95 
J 
"' 
., 
' . 
.. J~;~:~ai(#J'.i:-~~r~;. 
,.- .··=--
' i \:T 
I 
I I 
.J 
• 
. ·~ 
·1 
b j I \ I I. 
\ 
I 
I 
r 
l 
.J.. 
Total 
· Section Penetration Run Trial ~ Wt. 'l'hickness Depth, X 
No. No. (~.) (ticrons) (microns) 
5-1 1 4.5 22.9 22.9 
2 5.7 29.1 50.0 
3 7.3 37.2 87.2 
4 12.5 63.8 151.0 
5 9.7 49.5 200.5 
6 9.5 48.5 249.0 
7 7.8 39.8 288.8 
8 12.1 61. 7 350.5 
9 8.6 43.8 394.3 
10 9.4 48.0 442.3 
11 10.2 52.0 494.3 
12 12.3 62.7 557 .o 
13 12.5 63.8 620.8 
14 5.3 27 .o 647.8 
5-2 1 15.5 80.0 80.0 
2 4.9 25.2 105.2 
3 3.9 20.1 125.3 
4 11 .. 3 ( 58.2 183 .5 
5 10 .8 55.6 239.1 
6 13.3 68.5 307.6 
7 9.5 49.-0 356.6 
8 4.7 24.2 380.8 
9 8.7 44.9 425.7 
10 7.6 39.2 464.9 
11 8.8 45.4 510 .3 
12 5.7 29.4 539.7 
13 10.3 53.1 592.8 
14 9.0 46.4 639.2 
< 
I 
/ 
., 
I 
I 
i t 
> 
• 
-f, ... 
' 
,, 
--1'ABI..B II (cont.) 
BXPERDIENTAL IM.TA .. 
Relative Total Counting Specific Probable Number of Time Background Activity Error Counts, N (minutes) Counts, NB (cpm./mg.) (%) 
14,772 1 15 3280 0.55 3183 60 900 6.7 1.87 2640 90 1350 1.96 3. 27 1850 60 900 1.26 3.70 1580 60 900 1.18 4.90 1574 60 900 1.19 4.95 1884 60 1452 0.97 8.95 1495 60 960 0.74 , 6. 21 ._./ 1439 60 ~ 960 0.93 6.86 
·1430 60 960 0.84 6.97 1511 60 1020 0.80 6.86 1300 60 936 0.50 8.69 1212 60 936 0.37 11.20 1121 60 936 0.59 16.40 
19,501 1 12 1260 0.48 4864 10 120 97 0.95 1259 60 888 1.59 8.36 1561 60 888 0.99 4.92 1541 60 888 1.01 5.06 1571 60 888 0.86 4.87 1394 60 888 0.88 6.31 1044· 60 785 0.92 11.10 1214 60 785 o.s2 6.99 1113 60 785 o. 72 8.90 1131 60 785 Q.65 8.48 998 60 785 0.61 13.30 1121 60 785 o.53 8.70 1075 60 785 0.52 9.98 
/ 
' 
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c. Analysis of Data 
The penetration curves were observed to consist of t\\10 portions, 
indicative of a double diffusion mechanism. The initial portion of the 
penetration curve yields a straight line i~ a plot of log specific 
activity {cpm/mg.) vs. penetratio~ distance squared (X2). This portion 
represents the predominantly substitutional part of the double diffusion 
' 
mechanism. Table III summarizes the results obtained for Run Nos. 1, 2, 3 
and 4 for the predominantly substitutional part of the diffusion 
mechanism. 
TABLE III 
Diffusion Coefficients for the 
Predominantly Substitutional Mechanism 
Run Number 
1-2 
2-1 
3-1 
3-2 
4-1 
4-2 
I 
•. ,,,·· 
D x 1010 (crn2/sec.) 
6.1 
0.6 
5.7 
1.2 
3.5 
"·· 
l.-.,.9• 
The deeper portion ( > 80JJ) of the penetration curve yields a 
straight line in a plot of log specific activity (cprn/mg.) vs. penetra-
tion depth (X). This portion represents the predominantly interstitial 
part of the double diffusion mechanism. Ta&le IV.summarizes the results 
obtained for Run Nos. 3, 4 and 5 for the predominantly interstitial part 
\ 
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' of the diffusion mechanism. The curves used to determine the "nominal 
Pick diffusivity," Dan, are shown in Figures 6, 7, 8, 9, 10 and 11. 
-
Run No. 
3-1 
3-2 
4-1 
4-2 
5-1 
5-.2 
TABLE IV 
Diffusion Coefficients for the 
Predominantly Interstitial Mechanism 
Electrode L (microns) DX 107 
Positive 625 c+2s> 
-65 8.4 
Negative 378 (±16) 3.1 
- 405 c+4s> 3.5 
-37 
- 492 (+70) 
-54 5.2 
Positive 
- 1 488- (~~:> 5.1 
Negative 544 (+58) 
-49 6.3 
(cm2 /_sec.) 
(+O. 8) 
-1.6 
(±0. 3) 
(+O. 8) 
-0.6 
(+l. 6) 
-1.1 
c+2. 2> 
-1.3 
c+1. 4> 
-1.1 
The s.olubility of iron in germanium is discussed in Appendix #4. 
/ The data plotted in Figures 6 through 11 were fitted to a straight line 
by use of a stepwise multiple regression program on the IBM 1410 
computer. 
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III. CONCWSIONS AND DISCUSSION 
The results of this investigation can be summarized as follows: 
1. The diffusion of iron into germanium proceeds by a double 
diffusion mechanism. 
2. The diffusion coefficient for the mechanism near the sur-
face (assumed to be predominantly substitutional) is 
3 x 10- 10 cm2/sec. The corresponding solubility of iron 
in gennanium at soo0 c is 1 x 1018 atoms Fe/cm3 Ge. 
3. The diffusion co.efficient for the mechanism at some dis-
tance from the surface (assumed to be predominantly inter-
stitial) is 5.4 x 10-7 cm2/sec. The corresponding 
14 solubility of iron in gennanium at soo0 c is 2 x 10 atoms 
3 Fe/cm Ge. 
4. There was no significant difference between specimens for 
diffusion runs with zero current (E = 0 v/cm), two amperes 
of current CE.= 0.005 v/cm), and ten amperes of current 
(E = 0.025 v/cm). The electric fields which could be 
obtained at aoo0 c did not significantly affect the dif-
fusion of iron into gennanium. 
The diffusion of iron into gennanium has been studied by We1?, 8 
5 9 Bugai, et al. and Kosenka. Table V shows a comparison of the 
-r diffusion coefficients obtained for iron in germanium at aoo0 c. 
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.·,11.: TABLE V 
Summary of 
Diffusion Coefficients for Fe into Ge at soo0 c 
.. 
cm2 Investigator Mechanism D <sec> 
Wei7 •8 Interstitial 2.3 (±0. 7) X 10-1 
Bugai, et -i 5 a . Interstitial 1.6 (±0. 6) X 10-6 -~· 
Kosenko 9 Interstitial 5.0 X 10-7 
.i,i. This Investigation Interstitial 5.4 X 10-7 
Kosenko 9 S~stitutional 3.2 X 10-11 I 
This Investigation Substitutional 3 X 10-lO I 
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IV. FURTHER ,AREAS OF STUDY 
The experimental results of this investigation will be of value 
to one considering further work in this area. The results indicate 
the necessity of obtaining electric fields of higher magnitude. For 
germanium this requires a lower temperature and, consequently, longer 
diffusion times. The lower solubilities at lower temperatures will 
impose experimental difficulties in detennining diffusion profiles. 
The use of a material with a higher resistivity than germanium is 
suggested. It may be of value to consider redesigning the diffusion 
apparatus such that a wider range of electric fields at a:· constant 
temperature could be investigated. This could be accomplished by 
various combinations of external (furnace) heating and internal 
(I 2R) heating to maintain the specimen at a constant temperature. 
, Apparatus similar to that used in this investigation could 
resolve the interpretation of the results of electric fields on the 
11 diffusion of gold into silicon. Gold was preferentially transported 
toward the anode above 1200°c and toward the cathode below 1200°c. It 
would be of interest to find whether the direction of transport could 
be changed by·varying the electric field.at a temperature above 
1200°c. 
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V. APPENDICES . ;,t,.' ' ·! 
APPENDIX #1 
Equipment and Apparatus· 
1. Diffusion Furnace: Lindberg Diffusitron Mark II, M50, Type 
---- --
0 TKT335105-F, Ser. No. 108933. Continuously adjustable from 325 C 
to 1300°c in 0.1°c steps. Furnace is capable of maintaining an 
• 
eight inch hot zone with fluctuations of less than ±0.5°c at soo0 c ~ 
(see Figure 1). Accessories: 
a. Clear Quartz Tubing - 21" O.D. x 3' 
b. Argon Gas Supply - Matheson Hi Purity - 99.995% Ar minimum 
c. End Caps - McDanel No. VSO with silicone rubber gasket 
d. Tygon Tubing 
e. Gas Pressure Regulator 
f. Flow Meter - Kontes Viz-Flo "150" Flowmeter. Tube CM-4C-G-6, 
Stainless Steel Float 
2.. Power Supply, Harrison laboratories, constant current, constant 
3. 
... 
~ -
voltage, 0-10 amps, 0-18 volts, Model 6263A, Ser. No. 452. 
load Regulation: 
Constant voltage - less than 0.01% + 20<\J,v for a full 
load change 
Constant current - less than 0.02% plus 50<\J.a for a full 
load change 
Temperature Recorder, Leeds and Northrup Speedomax H, Platinum-
Platinum 10% Rhodium Thermocouple Chart, 0-1600°c, accuracy ±0.3% 
of scale span, cqart speed 6 inches per hour. 
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4. Millivolt Potentiometer, Ieeds and Northrup Model 8686, TC or 
auu u t t 1 It used with o0 c di till~ t - measure o neares m crovo , s eu wa er-ice 
bath as reference junction. ~ 
5. lapping Device (described in Appendix #7). Accessories: 
a. Abrasive Metallurgical Paper, 3/0 grade 
b. Chucks and Adapters 
c. Weights 
d. Optical Flat 
6. Radiation Counting Equipment (see Figures 2 and 3), Hamner 
Electronics Company, Inc. Equipment: 
a. Amplifier - Model N302 I / 
b. High Voltage Power Supply - Model N4035 
c. Timer - Model N850R 
d. Decade Scaler - Model N276 
' 
e. Preamplifier - Model N354 
f. Shielded Counting Well 
g, Gas Flow Proportional Counting Apparatus (see Appendix #8) 
(1). _ Gas Flow Tube 
...... 
(2) P-10 Counting Gas (90% argon - 10% Methane) 
(3) Microthin Window 
( 4) Tygon Tubing 
h, Counting Stand 
1. Sample Holders 
j. Standard Reference Sources 
-~ 
' 
'" -·~ l'' 
7. Balance, Mettler Analytical, Type H-:15, weighs to nearest .0001 gm. 
--·- .. - -~~ --~.... - . - . . - -- - . ·- -
,,_,. 
I 
I . 
,I 
j() i::, ' 
tr.!·'· 
.. 
-
~ 
--y; . , .. -" ·-.·· .. . . - ;- .. - .. ~-""' ,·~= ?·" -··"' " . r -
. 
. 
.. ..... ' 
.. 
,. 
32. 
-a"aa :---
--· 
-
-' • " 
-- ---- ---·-- - -~-- .. ·- - .~-
8. Germanium Bars (described in Appendix #2) 
9. Iron59 Isotope: Obtained as FeC13 in HCl in quantities of one 
microcurie in .002 ml. of s0lution. Purchased from Tracerlab, who 
supplied the following history of the material: 
10. 
11. 
The iron chloride was prepared from iron with a specific 
activity of 3.18 curies per gram and c~ntained less than 
Diffusion Fix~ure - constructed of Boron Nitride and Type 304 
Stainless Steel (see Figure 4). 
<"-Safety Equipment: \ 
a~ Safety Glasse~ 
b. Plastic Gloves 
c. Film Badge 
d. Survey Meters 
12. Miscellaneous etching, cleaning, and isotope handling apparatus. .. 
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~scription of Germanium Bars 
The germanium bars were purchased from Geoscience Instruments 
Corporation~ The bars are: 
1. Zone-leveled single crystal germanium. 
2. Dislocation density: 3000 - 4000 pits/cm2 . 
3. Resistivity: 35 - 40 ohm cm(@ 2s0 c). 
4. Dimensions: 0. 25" x O. 25" x 1. 25". 
5. The 0.25" x 0.25" surfaces are mechanically polished to 
a scratch-free mirror finish. these surfaces are flat 
6. 
-~ - - -
to within 10 - 20 microinches as determined by Talysurf • 
and monochromatic light-optical flat methods of measurement. 
0 The 0,25" x 0.25" surfaces are (Ill) :1:1 crystallographic 
planes. 
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APPENDIX #3 
Specimen Cleaning and Isotope Application 
Thorough cleaning is necessary to remove all possible contamination 
from the specimen surfaces. The surface treatment also aids in ~revent-
ing diffusion of the applied isotope along the sides of the specimen. 
A method of cleaning similar to that of 1Dgan1~ and Wei7 •8 was used: 
\ Procedure: 
1. Etch each specimen in dilute CP-4* etch (1 part CP-4 to 2 
---parts distilled water) for 1-1/2 minutes, 
2, Rinse thoroughly in distilled water, 
3. Soak in strong, basic, KCN aqueous solution (1 molar KCN 
in a 2 Nonna! KOH - distilled water solution), 
4. Rinse thoroughly in distilled water, 
5. Dry on clean filter paper. 
The slight etch removes some of the disturbed layer from the 
polished surface. The cyanide forms soluble complexes with most metallic 
ions which can be removed by rinsing. Following cleaning, the specimens 
were handled only with clean filter paper. Specimens were stored in a 
desicator prior to use. 
7 An isotope application method similar to that used by Wei was 
followed: 
• 
..i. 
1. The cleaned specimen was placed on filter paper witb a 
polished surface up. 
* CP-4 etch consists of 5 parts HN03, 3 parts HF, 3 parts glacial 
acetic acid, saturated wit.h bromine. 
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2. A Iang-1.evy micropipette was used to apply the required 
volume of solution containing the isotope to the polished, 
surface. 
3. The solution is then allowed to dry on the polished surface. 
The specimen was then placed under the counter tube to determine 
the count rate of the applied isotope. The distribution of isotope on 
the surface was detennined by autoradiography techniques both before 
a.J;ld after diffusion. 
.. 
... 
... -
. _: 
,. 
,r: 
• 
i, 
i 
!" 
1·-· 
!··-· 
~--- ' 
Hi 
1.·1.1 
,,I [i fl, 
'lii. \' 
-d' t ,_ 
>!,'.1 f -
j 
·~-·---··-·-· ~--· --~--. {• ·----------
•-.- -~ 
, 
,_: 
38. - ...;- '.: ·- ·:.. __ .r,. 
- --...=---. - - •• - - -------- - - • ---~~--~---
- ,- - .: - -
--------------- ~----- ---------~- - --·- -~------,.---
' 
:; 
- 0·· - -- -- -
APPENDIX #4 
Solubility of Iron in Germanium. at soo0 c 
The solubility of iron in germanium at soo0 c can be estimated fn,• 
the activity (cpm/mg.) extrapolated to X = o. The decay of :re59 follows 
13 
the exponential decay law: 
where 
N(t) = N e-Xt 0 . 
X = disintegration constant 
t = time 
N0 = original number of atoms present 
N(t) = number of atoms present at time t. 
I• 
where = half-life of radioactive atom. 
~ = 1n 2 
45 days 
To find the theoretical activity of pure Fe59: 
l-' ... 
where N 
one curie= 3.7 x 1010 disintegrations/second 
1¥i 
-....-~--- -(dps/curie) - 49,300 curies/ gm. Fe59 • 
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The material used in this experiment. (Tracerlab IDt 6R-2) had a 
calibrated· specific activity of 3.18 curies/gm. Fe. Therefore, the 
fraction of Fe59 atoms to total Fe atoms is: 
Fe59 
Fe 
3.18 
49,300 
1 
=---15,500 • 
., The following calculation for interstitial solubility of Fe in Ge at 
soo0 c is for Run #4, Specimen #1: 
cpm/mg . (@ X = O) = 1. 32 cpm/mg. 
Estimated Counting Efficiency= 15% 
Corrected ratio of Fe59 due to decay 1 -
-Fe 40,000 
Correction for loss due to counting efficiency: 
1. 32 X 100 _ 8 8 / . cpm mg. - 0 .147 cps/mg . 15 
Activity required to give 0.147 cps/mg. -
.. ··· 
....;, .. ~ .. :.:...-· 
' 10-12 curies 10-17 59 4.0 X 
-
8.1 X gms. Fe /mg. mg. 
-12 
- 3.2 X 10 gms. Fe/mg. -,.•:-"'·· 
j,I'!. 
= 1.9 x 1014 atoms Fe/cm3 Ge 
This value of the solubility for the interstitial mechanism of 
:1' O 14 3 Fe in Ge at 800 C of about. 2 x 10 atoms Fe/cm was observed in all 
runs of this experiment. The solubility was determined for the substi-
tutional mechanism by the same method as shown above and was found to 
, 18 3 be al>Qut 5500 times higher or approximately 1 x 10 atoms Fe/cm. 
(',_ Table VI shows a comparison of values reported for the solubility 
. 0 
of Fe in Ge at 800 c: 
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TABLE VI 
,I:> 
Sumary of Solubility of Fe in Ge at aoo0 09· 
Investigator 
Wei718 
Tyler and Woodbury6 
Miselyuk, et al. 5114 
Kosenko9 
This Investigation 
Kosenko9 
This Investigation 
'"-
Mechanism 
Interstitial 
Interstitial 
Interstiti_fll 
l .. ~1· . '. 
Interstitial 
Interstitial 
Substitutional 
Substitutional 
. . .- ... 
- ---..--- .... --~-~-
, . 
·10-
..._ 
Atoms Fe/cm3 Ge 
2 X 10 13 
2 X 1013 
1.5 X 1015 
2 . 5 X 10 l 5 --~ 
2 X 10 14 
6 X 10 17 
1 X 10 18 
. ·>. 
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APPENDIX #5 
Temperature Measurement 
..[• 
.· ~ )!'he thermocouple (Platinum-Platinum+ 10% Rhodium) was construc-
ted from material calibrated by Engelhard Industries, Inc., Test 
No. 0062S.P. using a standard thermocouple traceable to N.B.S. Test 
No. 183699. 
Electromotive Force vs. Temperature of ~easuring Junctiott (o0 c 
Reference Junction) was as follows: 
Note (1) Note (2) 
Millivolts 
Note (3) 
Millivolts Degrees C 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
I NOTES: (1) 
(2) 
(3) 
l 
' 
3,252 
4. 223 
5.227 
6.264 
7.333 
8.437 
9.575 
10. 742 
11.931 
, 13.127 
14.318 
... , 
3.251 
4.221 
5.224 
6.260 
7 .329 
8.432 
9.570 
10. 741 
11. 935 
13.138 
14.337 
As indicated by the reference thermocouple," 
EMF as measured by thermocouple being cali~ted. 
Conversion Table EMF (NBS Circular 561) • 
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The thermcouple was annealed elec.trically in air for one hour at 
about. 1450°c ( 2642°F) before testing. 
The calibration previously described was for material received as 
0.010" diameter wire in 15' lengths. Five feet of each was used to make 
one therroocouple. The junction was made by melting a bead at the end of 
the ~ires using an oxygen-hydrogen torch. The diameter of the bead 
d d i t 1 0. 030" • pro uce was approx ma e y The junction was electrically 
annealed before use. 
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APPENDIX #6 
Mean Effective Time 
It is not always possible to eliminate the error of "beat up" 
and "cool down" in an experiment involving short diffusion times. An 
effective time (mean effective time) can be determined which can be 
defined as that time which \\OUld have produced the concentration-
distance curves had the temperature remained constant throughout the 
0 
diffusion interval. In this experiment there was also a change in 
temperature due to heating of the specimen by the passage of current 
in addition to that heat supplied by the furnace. 
Therefore, a mean effective time was calculated to allow the dif-
o . fusion coefficient at a constant temperature (800 C) to be determined. 
If the diffusion coefficient is a function of time only:l5 
dT = D(t)dt 
t 
T= Jn(t')dt'. 
0 
(ll 
(2) 
With time vs. temperature data available, the mean effective time, t' , 
can be determined graphically. 
An example of this determination is given for Run No. 5. A. simi-
lar determination was made for all other runs. Let T', the desired 
~onstant temperature, be aoo0 c (1073°K) and T the temperature in °K 
at time t. The diffusion coefficient as a function of temperature5 
can be written as: 
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I\, = A exp (-Q/RT) 
J\,, = A exp ( -Q/RT) 
;, 
5 Bugai, et al. determined Q, sometimes called the activation 
energy, to be 24,900 cal./mole for the diffusion of iron into germanium. 
In general, Q is not a function of temperature. Therefore, the relation 
(~.)can be plotted against t and the area under the curve is the mean 
effective time, t'. 
. J 
The time-temperature data for ·-Run No. 5 is shown in Table VII. 
Graphical integration of the curve obtained on plotting(~.)vs. t 
-yielded a mean effective time, t', of 2330 sec. 
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Time, t 
(minutes) 
0 
1 
:3 
4 
5 
6 
7 
8 
9 
10 
19 
40 
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TABLE VII 
Time Temperature Data For Run No. 5 
Temperature, T 
OK 
300.0 
773.0 
973.0 
1043. 0 
1063.0 
1073. 8 
1076. 0 
1076. 0 
1080.8 
1081. 5 
1081. 8 
1081. 9 
1081. 9 
300.0 
/ 
(~.) 
7 .8 X 10-14 
1.1 X 10- 2 
0.301 
0.715 
0.896 
1.009 
1.034 
1.034 
1.088 
1.096 
1.100 
1.011 
1.011 
7.8xlO-l4 
· ... :• 
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APPENDIX #7 
lapping Device 
! 
The lapping device used is similar to the one described by 
16 B. Goldstein· ,but suitably modified for this experiment (see Figures 
12· and 13). 
The purpose of the lapping device is to provide an accurate and 
reproducible means of removing thin layers of the diffused specimen 
~ 
11 perpendicular to the direct ion of diffusion. Since the layers to be 
removed are thin ( ~ 30 microns) the material must be removed at a slow 
rate. The plane of lapping must be parallel to the initial surface on 
which the diffusant was deposited. There must not be rounding off of 
the edges of the specimen during lapping. The material being lapped 
off must be near to being uniformly distributed, and for radiation 
c9unting purposes must be distributed consistently over the same 
geometrical configuration. 
For this experiment the following techniques were used to lap off 
thin. layers ~rom the germanium specimens: 
1. The vertical shaft holding the specimen was fitted with a 
chuck to hold the specimen perpendicular to the abrasive 
paper. 
2. The flange supp0rting the shaft assembly was modified to 
accommodate specimens from l" to I!'' long. 
·3. A brass adapter, 1/64" smaller than the retaining ring, 
was used to holdall" diameter piece of 3/0 abrasive 
paper. 
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. ~ The mo.tion of the shaft was fixed once the sample face· to· be lapped 
was aligned parallel to the abrasive paper. The motion of the disc is 
an oscillation in the horizontal plane plus a slow rotation about its 
center due to the retaining ring I.D. being 1/64" larger than the brass 
adapter ring. This combination of motions produces on the paper a 
pattern of lapped material which is circular in shape. The diameter of 
the circular area is adjustable and is set to give a counting geometry 
consistent with the window diameter and type of detector being used. It 
is desirable to have the area as small as possible for increased counting 
efficiency from the geometry standpoint. However, from the absorption 
standpoint it is desirable also to have the layer of material on the 
paper as thin as possible. A compromise is obtained by having the 
circular area slightly smaller than the window diameter of the detector 
and placing the material as close as possible to the window. 
Following the lapping time necessary to give the desired thickness 
of removal, the brass adapter, still holding the paper,. is placed under 
the detector-and the count .rate detennined. 
The specimen is then removed from the chuck and weighed to the 
nearest tenth of a milligram. Knowing the cross-sectional area, the 
thickness of the layer removed can then be determined. 
Flatness of the lapped surfaces was checked by two methods: 
1. The Talysurf Method in which a diamond stylus is run over 
the surface and a profile of up to 50,000:1 magnification 
is printed out on a strip chart . 
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2. The optical flat-monochromatic light method in which the 
fringe pattern indicates the flatness of the sur£ace. 
This method is capable of measuring flatness to 11.6 
microinches. 
Using the described method of lapping and checking flatness, samples 
were obtained which were consistently flat to within 2-3 microns (80-
120 microinches). The smoothness of the surfaces were consistently within 
~.5-1.0 microns (20-40 microinches). The accuracy in measuring the 
. thickness of the layer removed due to weighing, surface roughness, and 
alignment was estimated to be less than three microns. 
. ' 
·"":·· 
.~. 
\ 
\. 
~-. 
. . 
• 
,'fir-'"'""-.-- :-~-- - -- -
-
./ 
.:_·=~~ ·. .. . ~=Gil · ... · . =· ,,.,. ~-- . 
. I F 
,, 
... 
-· 
.,. .. ~. 
--.~·. __ , ..... ,:t-:. :-·- ;; ~; : . - . . 49. 
·, .. 
. - I 
APPENDIX #8 -
Proportional Counters 
13, 17 A proportional counter may be used to detect X- and y radia-
tion, and beta and alpha particles, depending on the design of the 
counter and the associated circuits. The following discussion con-
cerns beta proportional counting. The detector usually consists of a 
cylindrical metal shell (which acts as a catµ.ode) filled with a gas 
(in this experiment argon plus 10% methane) and containing a fine metal . -~ .. 
wire loop (which acts as an anode). One end of the cylinder is covered 
with a thin window material, gold coated Mylar, which is highly 
transparent to beta particles. 
Depending on the design of the detector and the type of gas used, 
a potential of about 2000 volts is applied between the anode (loop) and 
the cathode (shell). Of the beta particles impinging on the window, a 
small fraction is absorbed in the window material. A small fraction of 
.~ 
.. 
the beta particles entering the window pass completely through the 
detector without being absorbed. The larger part of the beta particles 
are absorbed by the gas, and this absorption is accompanied by the ejec-
tion of photoelectrons and Compton recoil electrons from the atoms of 
the gas. The net result is ionization of the gas, producing electrons, 
which move under the influence of the electric field toward the anode 
loop, and positive gas ions, which move toward the cathode shell. 
. / In a proportional detector the voltage is high enough to produce a -~ 
phenomenon known as multiple ionization or '' ,, gas amplification. The 
electric field intensity is so high that the electrons produced by the 
,..._ ~ - . -·· ~·-r· ----~- --~ .·-·- -
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( 
\ primary ionization are rapidly accelerated toward the anode loop and ,f 
at an ever increasing rate of acceleration, since· the field intensity 
increases as the wire is approached. The electro·ns acqui:re enough 
energy to knock electrons out of other gas atoms, and these in turn 
cause further ionization. As a result of this amplification an ava-
' lanche of electrons hits the wire and causes a detectible pulse of 
current in the external circuit. At the same time the positive g8tS 
ions 100ve to the cathode but at a much lower rate because of their 
larger masses. This whole process is triggered by the absorption of 
one beta particle. 
The current pulse in the anode loop is normally expressed in terms 
' 
of the momentary change of voltage in the wire. The proportional 
counter receives its name from the fact that the size of the pulse, for 
a given applied voltage, is directly proportional to the number of ions 
formed liy the primary ionization process, and this number is proportional 
to the energy of the beta particle absorbed. 
In this experiment, a thin window gas-flow proportional counting 
system was used to detect the bela particles emitted Vl,hen Fe59 decays. 
Counting was performed in a shielded counting well. Counting efficiency 
was estimated to be 15S. 
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APPENDIX #9 
Error of Counting 
Consideration must be made of the error involved in counting a 
certain number of random emissions from a sample above a normal back-
ground rate. 17 Background is the unavoidable counting rate m9asured 
without a sample in the com1ting chamber. This unavoidable background 
is due to cosmic rays and possibly by stray radiation from nearby 
radioactive material. 
Let N = Total number of pulses counted in a given time from a 
sample, 
NB= Number of pulses counted in the same time with chamber 
. ,. /,.,..--.. ... 
empty, 
N - N8 = Number of pulses received from the sample only. 
Then the relative probable error in (N - 'N8) "is: 
E(N - NB) _ 67 'V N + NB -------(N - NB) percent. 
_, 
This error is that which has a 50% probability Qf. being exceeded. Three 
times this error(± tv.o standard deviations) has only a 4% probability 
of being exceeded. Table II - Experimental Data - shows the relative 
probable error involved in the counting performed in this experiment. 
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